We report on a direct measurement of the pair-wise anti-symmetric exchange interaction, known as the Dzyaloshinsky-Moriya interaction (DMI), in a Nd 3+ -doped YVO4 crystal. To this end we introduce a broadband electron spin resonance technique coupled with an optical detection scheme which selectively detects only one Nd 3+ -Nd 3+ pair. Using this technique we can fully determine the spin-spin coupling tensor, allowing us to experimentally determine both the strength and direction of the DMI vector. We believe that this ability to fully determine the interaction Hamiltonian is of interest for studying the numerous magnetic phenomena where the DMI interaction is of fundamental importance, including multiferroics. We also detect a singlet-triplet transition within the pair, with a highly suppressed magnetic-field dependence, which suggests that such systems could form singlet-triplet qubits with long coherence times for quantum information applications.
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The detailed understanding of strongly interacting rare-earth (RE) ions is important for describing magnetic phenomena in many solid-state materials. The anti-symmetric exchange interaction, known as Dzyaloshinsky-Moriya interaction (DMI) [1, 2] , is particularly important for a wide range of magnetic phenomena. The DMI causes twisting of spins (canting), which can lead to weak ferromagnetism in antiferromagnetic materials [2] or the formation of magnetic skyrmions [3] . DMIs also play fundamental roles for magnetoelectric effects in multiferroics [4, 5] and for molecular magnetism [6] . It has proven difficult, however, to experimentally measure both the magnitude and direction of the usually weak DMI, although some recent progress have been made in special cases. Both the DMI direction and strength were measured in the weak ferromagnet FeBO 3 using a novel technique based on X-ray diffraction interference [7] . The DMI vector could also be determined in a thin magnetic film using Brillouin light scattering [8] . The uniform DMI in spin chains was recently measured using electron spin resonance (ESR) techniques [9] [10] [11] [12] . The magnitude of the DMI has also been extracted from neutron inelastic scattering [13] .
In this work we fully characterize the general spin-spin interaction Hamiltonian H int = S 1 ·J · S 2 of two nearestneighbour rare-earth ion spins, with S 1,2 = 1/2. We make no a priori assumptions of the nature, nor the symmetry of theJ coupling tensor. To measureJ we have developed a broadband ESR technique, coupled with optical detection (OD-ESR), which allows us to measure the energy spectrum of the coupled ions from zero magnetic field all through to the high-field limit. Consequently the Zeeman energy ranges from being a small perturbation * These authors contributed equally to this work.
† Electronic address: mikael.afzelius@unige.ch of theJ coupling, to being the dominant energy scale. In conventional ESR spectroscopy only the latter region can be probed, which prevents one to determine all elements ofJ [14] . splits into five Kramers doublets, each described as effective S = 1/2 spins. At our working temperature of around 3 K all ions are in the Kramers doublet with lowest energy. One can therefore model the pair-wise interaction between these ions as an interaction between two identical spin S = 1/2 particles.
To optically detect the Nd 3+ ions in the ground state we measure the absorption on the 4 I 9/2 → 4 F 3/2 transition. The crystal is cooled down to about 3 K in order to obtain narrow optical absorption lines [15] . Isolated Nd 3+ ions (not forming pairs) absorb light at 879.66 nm (the central line). At our doping concentration one can also observe satellite lines, both red and blue detuned from the central line. It has already been suggested that these lines originate from coupled Nd 3+ pairs [16] . In Figure 1 we show the absorption spectra of the two strongest of these lines, one red detuned and one blue detuned. These lines are surprisingly narrow, with linewidths (around 2 GHz) comparable to weakly doped (10 ppm) Nd 3+ :YVO 4 crystals [15] . The narrow linewidths allow us to optically probe these lines independently without spectral interference. In Ref. [16] it was suggested that pairs consisting of one red detuned and one blue detuned satellite line were due to strong isotropic exchange coupling. According to that model the exchange coupling magnitude would simply be the spectral separation between the lines, which ranges from 24 (0.1 meV) to 147 GHz (0.6 meV) for the satellite lines studied in Ref. [16] . That model also predicts that all the red-detuned absorption lines originate from the singlet S = 0 eigenstate of the isotropic exchange Hamiltonian, i.e. the red detuned line should be a single absorption line without fine structure.
To investigate a possible fine structure we employ spectral hole burning (SHB) spectroscopy. This is a wellestablished optical technique to probe closely spaced transitions that are otherwise hidden within the inhomogeneous broadening [17] . By burning a hole for much longer than the radiative lifetime of the excited state one can increase the population, with respect to thermal equilibrium, in other ground-state spin levels. This results in increased absorption, or anti-holes, at frequencies related to the ground-state splittings. A condition for observing anti-holes is a slow ground-state spin relaxation rate [18, 19] , which often can be achieved in RE ion doped crystals at low temperatures.
In Figure 1 we show the SHB spectra for both satellite lines. The anti-holes in the red-detuned line clearly show that it cannot be a singlet ground state. Moreover, the two distinctly different SHB spectra indicate that some type of interactions cause both a global shift of the optical line and a complicated ground-state spin manifold. This is supported by recent OD-NMR measurements in a Ce 3+ :EuCl 3 ·6H 2 O crystal [20, 21] , where it was shown that the Ce 3+ -Eu 3+ pair-formation causes a large optical shift due to electronic interactions and a site-specific NMR spectrum due to magnetic dipole-dipole interactions between the ions. In the following we fully characterize the ESR spectrum of the red-detuned line and we show that it is due to pairing of Nd 3+ ions through a weak anti-symmetric exchange interaction.
Conventional ESR spectroscopy is narrowband (at a fixed frequency, e.g. the X-band) due to the microwave cavity that is used to increase the detection sensitivity. Using OD-ESR, however, the high sensitivity of the optical detection makes broadband ESR possible, in principle. It remains a problem, however, to efficiently excite a sample over a large bandwidth. Recently ensembles of spins have been coupled to superconducting coplanar resonators (CPR) in the microwave regime (5-10 GHz typically) [22] [23] [24] . Also, spin resonances due to Cr 3+ in ruby have been detected by measuring microwave absorption using a co-planar transmission line (CPTL) [23, 25, 26] , demonstrating the usefulness of these novel techniques for broadband ESR spectroscopy.
Here we combine a CPTL for broadband ESR excitation and optical detection for high sensitivity and spectral selectivity. The YVO 4 crystal was placed on top of a 10 mm long copper CPTL on an AlO 2 substrate, with a d=900 µm distance between the ground plate and the transmission line. The penetration depth (in the sample) of the magnetic field due to the CPTL is expected to be roughly d. The laser beam is aligned along the CPTL and close enough to allow optical and ESR excitation of a common volume. A superconducting magnet can apply a static magnetic field B perpendicular to the CPTL. An ESR resonance is detected by monitoring the optical spectral hole created by the SHB (cf. inset in Figure 1 ) when applying a radio-frequency (RF) pulse at frequency ω RF through the CPTL. If the RF pulse is in resonance with a spin transition within the ground-state it will rethermalize some of the spins, thereby reducing the depth of the spectral hole.
In Figure 2a we show the OD-ESR spectrum for a B field applied along the crystal c-axis. The resonance frequencies extracted from the 2D images are shown in Figure 2b . At zero field we clearly observe three strong resonances at 430, 475 and 512 MHz. For low fields these resonances show a non-linear field dependence, while at higher fields the resonances tend to a more linear dependence. Starting from around 10-15 mT, three weaker resonances appear at 100 MHz or below. At high fields, four out of the six resonance lines have a linear dependence corresponding to a g factor of g c = 0.768, compared to 0.915 for non-interacting Nd 3+ ions [27] . A strong evidence of coupled ions is the single line that has exactly twice the linear dependence 2g c at high fields. This resonance couples the m S = ±1 levels within an effective S = 1 state. Similarly we observe one line which tends to a very weak, linear B dependence of only 112 ± 4 MHz/T. This resonance couples the two m S = 0 levels in the effective S = 0 and S = 1 states, respectively. Altogether the six resonances lines, which can be explained by only four levels, and their field dependencies strongly suggest two coupled spin 1/2 ions. To our knowledge all these features have not previously been observed in a single ESR experiment.
Since we expect the interaction to be highly anisotropic we also performed a measurement with B along the aaxis. The resonance frequencies extracted from the 2D images (see Supplemental Material) are shown in Figure  2c . The spectrum is distinctly different as compared to the c-axis, a result of the anisotropy. A close inspection shows that the two zero-field resonances at 430 and 512 MHz split into two resonance lines (see also Fig.3a where the split of the 430 MHz line is clearly visible for any field not parallel with the c axis). To understand this behaviour we need to consider the possible orientations of a given pair of ions with respect to the crystallographic a,b,c axes. Indeed, for a given crystallographic pair of nearest-neighbour ions there exist several possible orientations, such that these pairs become in-equivalent due to the applied magnetic field. In our case the split into two sets of resonance lines for any field not along the caxis implies that our pair can be aligned either along the a or b axis (see Supplemental Material). In the following we refer to these two groups of lines as classes 1 and 2. We emphasize that these resonance lines stem from identical pairs described by the same interactionJ, only their orientation with respect to the external field induce the split.
In the high-field limit the two classes have slightly different g factors in the a-b plane, g a = 2.067 and g b = 2.516. For non-interacting Nd 3+ ions the g factor is axially symmetric (i.e. g a = g b ). This breaking of the axial symmetry is probably induced by the pair formation itself, which would affect the g factor through a symmetry-breaking of the crystal field Hamiltonian. We also observed a field-insensitive transition for class 1, at around 25 MHz at high fields, with a linear B dependence of 46±6 MHz/T and a linewidth of only 4 MHz.
The interaction Hamiltonian H int can now be fitted in order to obtain the best agreement with all the spin resonance lines observed in Figure 2 . We then need to consider the total Hamiltonian including the Zeeman interaction of each ion H = H int +B·g·S 1 +B·g·S 2 , where B is the magnetic field vector andg a matrix. We here assume thatg is diagonal in the reference frame a, b, c, with the principal values 2.067, 2.516, 0.768 extracted from the high-field data as discussed above. To calculate class 2 resonance lines theg andJ matrices are both rotated by 90 degrees around the c axis, while keeping the B field direction fixed.
We found that the complete set of resonances could not be fitted assuming a symmetric interaction matrix J. Only by allowing an anti-symmetric DMI interaction could an excellent agreement be obtained, as seen in Figures 2b-c. Many fine details of the field dependencies are reproduced, such as the avoided-level crossing between the 475 MHz and 512 MHz lines at around 10 mT. Also the curvature of the resonance line of class 2 that has a turning point at around 25 MHz for a field of 17 mT. To test our model we also performed an angle scan, with a fixed magnetic field strength. As shown in Figure 3a the predicted resonance lines show excellent agreement with the experimental spectrum, without any additional tuning of parameters. The non-linear behaviour in this field-region represents a severe test for the model. and anti-symmetric partJ AS , such thatJ =J S +J AS . The anti-symmetric part can further be expressed as
, where D is the DMI vector. As shown by Moriya [2] the direction of D is constrained by symmetry considerations of the interacting pair, such that only two of the five nearest-neighbour pairs could possess a DMI. Furthermore, only one of these is also consistent with the resonance split discussed above. This pair is aligned along either the a or b axes, with a distance of 7.12Å. According to Moriya the corresponding DMI vectors should point along either b or a, perpendicularly to the inter-pair vector.
The DMI vector calculated usingJ AS is D = [335, 6, −47] MHz, which points along a within 10
• , as expected for the symmetry. Consequently, the second possible pair orientation has the same DMI vector, but aligned close to b (see discussion above). The consistency with Moriya's symmetry arguments further strengthens the confidence in the determined coupling tensorJ. between the Nd 3+ ions, slightly offset with respect to the inter-pair vector, suggests an anti-symmetric exchange interaction mediated by superexchange through the oxygen atoms, see Figure 4 . The magnitude of the DMI is weak, about 1.4 µeV, likely due to the large separation. Yet our measurements allow us to determine its magnitude and direction with precision. We emphasize that the anti-symmetric interaction energy is comparable in magnitude to the symmetric part of the total spin-spin interaction, which is a sum of symmetric exchange and dipole-dipole interactions (see Supplemental Material).
The magnetic properties of NdVO 4 have not been wellstudied. We note, however, that magnetic susceptibility measurements along the a-axis have indicated a weak ferromagnetism that was thought to be due to spin canting in NdVO 4 [28, 29] . Our observation of a DMI interaction along the a/b axes could be the underlying microscopic interaction behind the weak ferromagnetism. This indicates an interesting avenue for future measurements and comparisons with theoretical modelling.
Our work also points to an interesting possibility of directly measuring a possible magnetoelectric effect on the microscopic DMI. Using our experimental technique the size and direction of the DMI vector could be measured while applying an electric field. Such experiments might might shed light on the role of DMI in multiferroics [4, 5] .
Interacting RE ions in crystals are not only interesting for magnetic phenomena in solids, but also for their role in quantum information applications [21, 30] . RE ions are currently investigated as ensembles of ions for quantum memories for light [31, 32] and as single-ion qubits [33] [34] [35] [36] [37] [38] [39] . We argue that exchange-coupled RE ions can be used as singlet-triplet qubits with strongly reduced sensitivity to the dephasing spin bath, analogous to singlettriplet qubits in two-electron quantum dots [40] . Experimentally we have observed two singlet-triplet transitions (Figs 2b-c, 3b ) having weak linearities comparable to nuclear spin states. Using a perturbation calculation one can show that the singlet-triplet transition is increasingly decoupled from the dephasing spin bath with an increasing bias B field (see Supplemental Material). This could provide an alternative to zero first-order Zeeman (ZEFOZ) transitions [41] , which require extremely precise alignment of the B field. Future studies using pulsed OD-ESR measurements should be made to determine the spin coherence time for these transitions.
In conclusion we have demonstrated a novel OD-ESR approach that allows us to make high-precision measurements of the spin-spin coupling over a wide range of energies. We have shown that it allows us to directly measure both the magnitude and direction of the anti-symmetric DMI exchange interaction, which is of great interest for understanding numerous magnetic phenomena. We also suggest that exchange-coupled ions could provide singlettriplet qubits that are naturally decoupled from the dephasing spin bath, which are interesting for quantum in-
